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Abstract 
We investigated the role of pH in the vapor hydration at 175°C of the French SON68 glass using controlled atmospheres. Hence, 
experiments were conducted under ammonia and hydrogen sulfide to respectively simulate high and low pH conditions. Results 
were compared with those obtained under air. Glass hydration and surface analysis were conducted by FTIR, SEM and μ-Raman 
spectrometry. The glass hydration is ten times higher under NH3 than under H2S. Under ammonia the main corrosion products 
were analcime and a smectite, and incidentally calcite, apatite and tobermorite while under hydrogen sulfide only a gel-like phase 
was identified. The precipitation of silica-consuming secondary phases at high pH involves high hydration rates under ammonia 
atmosphere. 
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1. Introduction 
Reprocessing of spent nuclear fuel is considered in many countries owning nuclear power plants (e.g. France, 
Japan, Belgium Germany and UK). The minor actinides and fission products arising from the reprocessing activities 
are being vitrified typically in borosilicate glasses. In France, the concept of deep geological disposal of High-Level 
Waste involves a multi-barriers system to delay the contact between groundwater and the radioactive glass. Upon the 
closure of the disposal galleries total water saturation of the site may take several thousands of years and the glass 
may rather be in contact with water vapor than liquid water. Thus, for safety assessment purposes it is important to 
study water vapor hydration of the waste glass. Many works were conducted on aqueous corrosion of nuclear glasses 
while works on water vapor hydration of nuclear glasses remain limited (Abrajano et al., 1986, Abrajano et al., 
1989; Gong et al., 1998; Neeway et al., 2012; Abdelouas et al., 2013). 
The objectives of the present work were to study the water vapor hydration of the French simulated nuclear waste 
glass SON68 with the emphasis on the role of the pH on glass hydration kinetics and alteration products. 
 
2. Materials and experimental techniques 
2.1. Materials and samples preparation 
The composition of the SON68 glass is given in Table 1. Glass monoliths with dimensions of 
25mm×25mm×0.6mm were cut from a monolith as rectangular prism, polished to 3 μm and cleaned with acetone 
and ethanol. Hydration experiments were conducted in a stainless steel autoclave (50 mL) with a Teflon liner (40 
mL) (Abdelouas et al., 2013). Briefly, the glass monolith was placed on a Teflon holder and 8 mL of saline solution 
was placed below the holder. A large liquid volume was used to ensure a constant RH even as the system lost small 
quantities of water vapor with time. The autoclave was placed in a 2 cm thick aluminum container to prevent 
temperature gradients that may cause vapor condensation on the glass sample during the heating and cooling 
processes. Vapor hydration tests were conducted for 1h to 1 year by exposing monolithic samples to water vapor at 
175°C under 2 different atmospheres (NH3 and H2S) in order to study the pH effect. The RH was maintained at 98% 
by placing a solution of 3.625 wt. % NaCl in the autoclave (Pitzer et al., 1979). The experimental conditions are 
summarized in Table 2. 
 
Table 1. The SON68 glass composition (weight %). 
 
Oxide wt.% Oxide wt.% Oxide wt.% 
SiO2 45.48 B2O3 14.02 Na2O 9.86 
Li2O 1.98 SrO 0.33 Y2O3 0.20 
Sb2O3 0.01 Cs2O 1.42 BaO 0.60 
Al2O3 4.91 CaO 4.04 MoO3 1.70 
ZnO 2.50 La2O3 0.90 Ce2O3 0.93 
TeO2 0.23 MnO2 0.72 NiO 0.74 
Fe2O3 2.91 CoO 0.12 Pr2O3 0.44 
Cr2O3 0.51 Ag2O 0.03 Nd2O3 1.59 
P2O5 0.28 CdO 0.03 UO2 0.52 
ZrO2 2.65 SnO2 0.02 ThO2 0.33 
 
 
 
Table 2. Experimental conditions for hydration experiments. The pH in water vapor was estimated using the Phreeqc geochemical code 
(Parkhurst et al., 1999). 
 
Temperature Relative humidity Atmosphere pH Pressure at 25°C Pressure at 175°C 
175°C 98 % H2S 1% / Ar 3 - 4 1 atm 10 atm 
175°C 98 % NH3 8% / Ar 11 - 12 1 atm 14atm 
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2.2 Experimental techniques 
 
Glass alteration was followed using FTIR Spectroscopy. The glass monoliths, which were transparent to the laser, 
were analyzed using a 8400 Shimadzu FTIR between 4000 and 2500 cm-1. This range allowed the observance of the 
concentration and speciation of water in the glass (Davis et al., 1996; Ferrand et al., 2006). 
At the end of experiments, altered glass samples were collected from the autoclave and extensively characterized 
for alteration phases and layer thickness measurements by scanning electron microscopy (SEM) (JEOL JSM 5800 
LV and 7600 LV, 15 kV). The SEM apparatus is coupled with an energy dispersive X-ray spectrometer (EDX), 
making quantitative chemical analysis possible on the carbon-metallized specimens. The final compositions were 
calculated assuming oxide stoichiometry and normalization to 100%. Most of the elements were detected except the 
light ones including Li and B. Cross section observation allowed the measurement of hydration layer thickness. 
 
3. Results 
3.1. Infrared Results 
According to works of Efimov et al. (Efimov et al., 2003) and Navarra et al. (Navarra et al., 2005) on the silicate 
glasses hydration, it was observed the existence of the following infrared bands: 
ЬĬ 3595-3605 cm-1 attributed to OH stretching mode in SiOH. 
ЬĬ 3515-3518 cm-1 attributed to OH stretching mode in the bound water silanol groups. 
ЬĬ 3400-3415 cm-1 attributed to symmetrical stretching OH mode in the fee water molecule.  
ЬĬ 3170-3185 cm-1 attributed to OH stretching mode in bound water silanol groups. 
ЬĬ 2700 cm-1 attributed to silica matrix. 
To analyze the FTIR spectra, we performed a deconvolution with five Gaussian using Origin 8.0 software 
(OriginLab) for each spectrum (Fig. 1). We then choosed to follow the evolution of the absorption band at 3595 cm-1 
corresponding to the vibration of silanol group (SiOH). This band is indicating the glass network hydration. The 
absorbance was plotted as a function of time for each atmosphere (NH3 and H2S) and compared to the results of 
Neeway et al. (Neeway et al., 2012) who have studied the hydration of SON68 glass at 175°C under air (Fig. 2). The 
absorbance values were normalized using the SiOH absorbance of SON68 glass at the initial state. 
 
 
Fig. 1. Infrared spectra of SON68 glass hydrated 70 days at 175°C under 98% of relative humidity under NH3 atmosphere. The original spectrum 
was deconvoluted with five Gaussian. 
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Fig. 2. Evolution with the alteration time of the absorbance band at 3595 cm-1 assigned to SiOH for the SON68 glass hydrated at 175°C and 98% 
of relative humidity under different atmospheres. 
 
Fig. 3 shows that the hydration rate depends on the nature of atmosphere. Under highly basic conditions (NH3 
atmosphere), the initial hydration rate is 2 times higher than that found under air by Neeway et al. (Neeway et al., 
2012) and 6 times higher than under acidic atmosphere (H2S). The high hydration rate under NH3 is due to the 
excess of hydroxyl ions on the glass surface which accelerates the formation of silanol leading to glass dissolution. 
Indeed, during the silicate glass alteration, several layers of water forms on the glass surface and the reactions that 
occur are interdiffusion of H3O+/Na+, diffusion of molecular water and attack of siloxane bonds by OH-; these 
reactions can be performed simultaneously or successively depending on the pH. The same mechanisms may occur 
during water vapor hydration. It has been shown that hydrolysis prevails in corrosion of silicate glasses at normal 
temperatures when pH exceeds 9–10 (Appen et al., 1970; Ebert et al., 1993; McGrail et al., 1997). However, the 
higher the temperature the more important the hydrolysis reactions become and these dominate even at low pH if 
temperatures are high (Appen et al., 1970; Ojovan et al., 2004). It is considered in the alteration in aqueous solutions 
that for pH largely below 9–10 ion exchange dominates glass corrosion whereas hydrolysis reactions are significant 
when pH exceeds 9 (Lee et al., 2006). Thus glass corrosion occurs at low pH preferentially via diffusion-controlled 
ion-exchange whereas at high pH via hydrolysis. In addition, the hydrolysis is predominant when the solution is 
under-saturated with silicon, but when it is saturated, it is not necessarily true. 
At acid pH, the interdiffusion of H3O+/Na+ is the most important reaction: 
=Si-O-Na + H3O+ė =Si-O-H + H2O + Na+      (1) 
At neutral pH, first we have the diffusion of molecular water: 
=Si-O-Na + H2O ė =Si-O-H + OH- + Na+      (2) 
and in the second step, the OH- ions released during the first reaction attack the siloxane bonds: 
=Si-O-Si= + OH-ė =Si-O-H + Si-O-       (3) 
=Si-O- + H2O ė =Si-O-H + OH-       (4) 
=Si-O-Si + H2O ė 2 =Si-O-H        (5) 
Reaction (3) causes structural changes in dealkalized glass where the condensation reactions also take place. 
Equation (5) corresponds to the destruction of the dealkalized layer and the front of attack between this layer and 
the pristine glass penetrates gradually. 
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The pH of water layers on the surface of glass has an important role in the dissolution mechanism. Indeed, below 
pH 8, at room temperature, silica dissolves at a very moderate rate. When the pH increases from 8 to 14, the rate 
increases with several orders of magnitude. This increase is related to the increase in the concentration of OH- ions 
and the high solubility of silica at high pH due to the formation of anion silicates such as H3SiO4- and H2SiO42- 
(Bunker et al., 1994). We can imagine the same mechanism at 175°C with a higher rate. 
 
3.2. Scanning Electron Microscopy 
 
Fig. 3 shows the SEM photographs of SON68 glass samples hydrated at 175°C and 98% of relative humidity 
under NH3 (98 days) and H2S (365 days) atmospheres. Under NH3, We can see the presence of several crystalline 
phases (Fig. 3a). The analcime crystals have a cubic and spherical morphology (Fig. 3a). Analcime is a zeolite that 
has been previously identified as a precipitate on glass altered under high pH conditions (Gin et al., 2001; Ribet et 
al., 2004; Inagaki et al., 2006). The formation of this precipitate can largely affect the glass alteration rate by 
consuming Si, which may lower the silica concentration below saturation concentrations (Van Iseghem et al., 1988; 
Strachan et al., 2000). The precipitation of analcime during glass dissolution experiments has been shown to 
coincide with a resumption to near-forward dissolution rate even after the glass has been corroding at the residual 
rate during long-term experiments in liquid water (Strachan et al., 2000; Van Iseghem et al., 1987). For SON68 
glass, this phase has only been shown to precipitate at pH greater than 10.5 and temperature higher than 90°C (Gin et 
al., 2001; Ribet et al., 2004; Inagaki et al., 2006). The fibrous phase present in the micrographs (Fig. 3a) is 
tobermorite, which is a calcium silicate hydrate. The presence of analcime and tobermorite has been confirmed by μ-
Raman spectroscopy. Furthermore, we can also see in Fig. 3b a honeycomb-like alteration phase visible below the 
secondary precipitates and observed through surface analysis. This phase is an alteration layer consisting of 
phyllosilicate phases (most likely smectites) that are commonly observed to form between the gel layer and surface 
precipitates in glass leaching experiments (Frugier et al., 2009; Van Iseghem et al., 2006). Additional cross section 
SEM analysis shows a thick gel layer (15μm) and the average composition of the gel at the interface with the pristine 
glass is given in Table 3. One can notice a strong loss of alkalis (Na and Cs) and Mo, probably trapped in crystalline 
phases, and enrichment in heavy elements including Fe and rare earth elements. In addition, the low concentration of 
Al in the gel layer can be attributed to the massive precipitation of analcime while the gel enrichment in Ca denotes 
that the tobermorite formation on the glass surface is only minor. The alteration rate calculated from the layer 
thickness (0.4 g/m2.d) is two times higher than that calculated by Neeway et al. (Neeway et al., 2012) for the 
hydration of SON68 glass during 99 days under air at 175°C and 95% RH (0.23 g/m2.d). 
 
 
 
 
 
 
 
    
Fig. 3.The surface of SON68 glass hydrated at 175°C and a relative humidity of 98% (a and b): 98 days under NH3 and (c): 365 days under H2S. 
An: Analcime; C: Clays; T: Tobermorite. 
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Table 3. EDX microanalyses of the surface of SON68 glass hydrated for 98 days at 175°C under NH3 and 98% of RH. 
 
Element (wt. %) Na2O Al2O3 SiO2 CaO Cr2O3 MnO Fe2O3 NiO 
Pristine glass 10.36 5.97 55.78 5.30 0.61 0.31 3.81 0.46 
Gel layer 2.94 1.30 59.85 6.79 0.85 1.78 6.34 0.87 
Element (wt. %) ZnO Y2O3 ZrO2 MoO3 Cs2O La2O3 CeO2 Nd2O3 
Pristine glass 2.38 0.59 5.55 3.01 1.38 1.37 1.56 1.56 
Gel layer 4.75 0.17 5.96 0.06 - 3.60 4.71 - 
 
 
Fig. 3c shows that the surface of SON68 glass hydrated under H2S is mainly composed of a gel-like layer. The 
EDX microanalyses show the accumulation of Si and Al at the surface of the glass (10% enrichment compared to 
pristine glass) in agreement with the results of Neeway et al. (Neeway et al., 2012) (Table 4). We can also notice a 
severe loss of Na and Ca compared to the pristine glass. The case of Ca behavior is interesting to discuss given that 
this element is highly enriched in the gel formed under NH3 and severely lost in the case of experiment with H2S. 
This result denotes the importance of pH in Ca retention in the alteration layers. The heavy metal concentration (Zr, 
Fe, Ni, Cr, …) is  remarkably constant underlying the low mobility of these elements often observed during the 
aqueous corrosion of nuclear glasses (Neeway et al., 2010).The thickness of the alteration layer is estimated to 4 μm 
from cross section observations, which correspond to an alteration rate of 3.0 10-2 g/m2.d. This rate is 8 times lower 
than that found under air by Neeway et al. (2012) and 13 times lower than under NH3 atmosphere. 
 
 
Table 4. EDX microanalyses (average of 10 measurements) of the surface of SON68 glass hydrated 365 days at 175°C under H2S and 98% of 
RH. 
 
Element (wt. %) Na2O Al2O3 SiO2 CaO Cr2O3 MnO Fe2O3 NiO 
Pristine glass 10.36 5.97 55.78 5.30 0.61 0.31 3.81 0.46 
Gel layer 3.23 7.57 66.31 1.09 0.67 0.52 3.92 0.50 
Element (wt. %) ZnO Y2O3 ZrO2 MoO3 Cs2O La2O3 CeO2 Nd2O3 
Pristine glass 2.38 0.59 5.55 3.01 1.38 1.37 1.56 1.56 
Gel layer 1.24 0.90 6.02 3.16 1.41 1.65 1.81 - 
 
 
4. Conclusion 
 
The experimental setup used in the present work is proven to be a good mean to study the effect of pH on glass 
alteration under saturation conditions. Hence, it has clearly been shown that the SON68 glass hydrates faster at high 
pH conditions obtained under ammonia atmosphere than under acidic conditions. At high pH the high solubility of 
silica combined to the precipitation of silica consuming secondary phases in particular analcime drive the glass 
alteration as it has been suggested upon the aqueous alteration of nuclear glasses at high reaction progress (e.g. 
alteration resumption). 
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